in attempts to detect changes in cross-bridge orientation in transitions from rest to rigor or from rest to active contraction. 14, 15 Besides its use as a means of introducing proteins into muscle fibers, extraction by itself has been an important probe of molecular mechanisms of contraction and its regulation by Ca'+. Under physiological conditions, Ca2+ is thought to bind to low-affinity site(s) on TnC, a subunit of the thin filament,16 which through a series of events allows interaction of the contractile proteins myosin and actin (reviewed in References [17] [18] [19] . For this reason, a great deal of attention has been focused on characterization of the structure of TnC, its divalent cation binding characteristics, and its interactions with cooperative interactions among proteins of the thin filament, strong binding of cross-bridges to the thin filament, thick-filament accessory proteins such as C protein and myosin light chains, phosphorylation of thick-or thin-filament proteins, and even the development of tension by the muscle. Our understanding of the importance of many of these factors in regulation has been greatly facilitated by experiments in which native proteins are extracted from single skinned fibers or myocytes or extracted and replaced with modified proteins or isoforms of the same protein. In some cases, such as C protein and LC2, extraction experiments have provided the first clues as to the functions of these proteins under physiological conditions.
The purpose of this review is to discuss the use of protein extraction and replacement in studies of regulation of contractile properties of striated muscles and to present specific models of regulation based on data that have been obtained. Because of the complexity of these experiments, substantial space is devoted to the particulars of experimental protocols, common pitfalls, and possible experimental artifacts. Some readers may wish to read to "Protocols for Selective Extraction of Protein Subunits" and then proceed to the section entitled "Studies of Regulatory Mechanisms Using Extraction/Recombination Methodologies," which discusses mechanisms of regulation of tension and shortening velocity in skeletal muscle and myocardium.
Extraction/Replacement Protocols Overview
The idea underlying protein extraction/replacement experiments is deceptively simple: if a protein is involved in a regulatory process, then extraction of the protein should disrupt regulation or alter sensitivity of the process to Ca`+. This approach has been used for many years in biochemical studies of the regulation of contractile protein interaction in solution. Extension of this approach to skinned muscle preparations is a significant advance in studies of regulation, since the interaction of contractile proteins in the intact filament lattice is likely to be modified by tension development and by the ordered arrangement of cross-bridges rela-tive to binding sites on actin, conditions that are difficult to simulate or control in solution.
At the present time, it is feasible to selectively extract several protein subunits from skinned skeletal muscle, including TnC, whole troponin, LQ, and C protein; to date, only TnC and C protein have been extracted from skinned myocardium. The protocols for extractions of most of these proteins were developed based on published procedures for purification of the proteins or extraction of the proteins from thick or thin filaments in solution biochemical studies of protein function. The procedures are designed to weaken the binding of the protein to the myofilament, and care is taken to minimize nonspecific loss of other proteins or to replace coextracted proteins when this occurs. Although the basis for extraction of most proteins is understood, it is not always the case. For example, development of one of the procedures for removing whole troponin from skinned skeletal muscle fibers was entirely serendipitous: in this case whole troponin can be removed by bathing single skinned fibers in a solution containing a preparation of bovine masseter LC2, but the mechanism of removal is still not known .20 In experiments that require substitution of one isoform of a protein for another in skinned muscle cells, or modified or derivatized protein for the native form, substitution might be accomplished by an exchange procedure rather than extraction and recombination.
For example, in the case of LQ, exchange could offer the advantage of exposing the fiber to much gentler conditions, especially in terms of temperature, than would be required for extraction of LC2 before readdition of labeled protein. Also, fiber content of LC2 is likely to remain stoichiometric, although this would have to be verified experimentally. A potential limitation is that the extent of exchange may be limited in the several hours available as part of an experimental protocol that also involves time-consuming and difficult physiological measurements. However, for some purposes, such as introduction of a label, this may not be a particular constraint, and it might in some cases be possible to increase the extent of exchange by varying the concentration of exogenous protein, temperature, or solution ionic strength.
For a number of reasons, extraction and replacement experiments are best done on single skinned skeletal muscle fibers or small preparations of skinned myocardium approximately equivalent to a single myocyte in terms of mass. These preparations have chemically or mechanically disrupted membranes that allow passage of ions and proteins into and out from the filament lattice, so that solution composition within the myofilaments can be controlled and extraction and replacement of proteins are feasible. Our experience indicates that multicellular preparations of both heart and skeletal muscle release relatively small percentages of endogenous protein during extraction protocols, probably as a consequence of the greater diffusion distances to cells in the center of a preparation or diffusion barriers between skinned cells. A complication of experiments of this type is that individual preparations respond differently in terms of extent of extraction or replacement, making it essential that the extent and selectivity of extraction be determined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE experiments. These possibilities can be dealt with by reversing the order of readdition of coextracted proteins. For example, the procedure for extracting LCQ from skeletal muscle fibers results in coextraction of TnC.2223 After the extraction protocol, maximum isometric tension (P.) and maximum velocity of shortening (Vma.) are both reduced. In this particular case, readdition of TnC to the extracted fibers led to recovery of tension and readdition of LC2 reversed the observed decrease in Vmae. Reversal of the order of add-back of these two proteins reversed the order of recovery of tension and Vmax, making it unlikely that either protein bound nonspecifically to the binding site of the other.
An important control experiment in investigations of effects caused by readdition of a protein is to subject unextracted control fibers to the readdition protocol (e.g., Reference 22 As capabilities are developed for extracting additional proteins from myofilaments, it will be important to verify that observed mechanical effects are not due to coextraction of other proteins that were previously shown to have similar effects. This can be done straightforwardly by assessing the mechanical effects of readdition protocols for these other proteins.
Criteria for a Successful Experiment
When extraction protocols for a particular protein have been worked out, it may be necessary to apply additional criteria to assess whether a particular experiment is successful in revealing the function of the protein.
Structural state of muscle preparation. Skinned fibers and myocardial preparations typically have high-end compliances compared with living fibers in vivo because of compression of the fibers at points of attachment to the apparatus. The extreme conditions of ionic strength, temperature, and maintained rigor tension characteristic of many of the extraction procedures tend to further degrade the structural integrity of the ends of the fiber. For example, if rigor tension is maintained, the fiber will ultimately be weakened structurally at its points of connection to the apparatus. The effects of maintained rigor can be minimized by slightly decreasing the length of the fiber to reduce rigor tension. Still, some fibers respond adversely to particular extraction protocols and will actually break when maximally activated. Because absolute values and Ca2' sensitivities of tension and shortening velocity are exquisitely sensitive to sarcomere length in both skeletal and cardiac muscles (e.g., review by Allen and Kentish38), it is important to monitor sarcomere length and striation uniformity during experiments (see Table 1 ) to be certain that undetected changes in sarcomere length do not account for altered function after extraction or replacement protocols. Sarcomere length should be assessed during any experiment with skinned preparations but is especially important after extraction protocols that may weaken fiber ends.
Stoichiometry of extracted proteins. It is generally not feasible to entirely extract a given protein from a skeletal muscle fiber or cardiac myocyte. In some cases, such as investigations of cooperativity within the thin filament, variable and incomplete extraction of TnC is actually advantageous since Ca'+ activation, the process being studied, would be impossible if TnC were com- The rate of extraction can be increased considerably (halftime of 2-8 minutes for virtually complete extraction) by adding 0.5 mM trifluoperazine (TFP) to the TnC extracting solution.35 TFP is a specific inhibitor of calmodulin that acts by blocking the binding of Ca2+. Given the structural homology of TnC and calmodulin, we thought that addition of TFP to the extracting solution would facilitate disruption of divalent cation binding to the structural Ca2+/Mg2+ sites on TnC in much the same way as Zot and Potter51 have shown for EDTA. However, the concentration of TFP required to speed extraction of TnC is much above the micromolar range required for specific effects on Ca2' binding sites. Thus, it is likely that 0.5 mM TFP is facilitating removal of TnC by a nonspecific detergent effect.53 From SDS gels, TFP does not appear to extract other proteins under these conditions; however, after application of TFP, fibers must be washed several times in fresh relaxing solution to be certain that TFP is removed. 30 Extraction of cardiac TnC from skinned strips of myocardium is more difficult than is the case for skeletal TnC from single fibers. Hoar et a154 found that the standard extraction protocol for skeletal muscle is effective in extracting cardiac TnC from rodent myocardium but is ineffective on myocardium from higher species such as rabbit. Gulati et a155 have been able to extensively extract cardiac TnC from guinea pig skinned myocardium by increasing the temperature during extraction to 30°C, and cardiac TnC has been extracted from small preparations of mechanically disrupted ventricular myocardium from rat32 by using the standard method described earlier. TFP is particularly effective for extracting cardiac TnC from single skinned cardiac myocytes. 30 In another procedure that has yet to be applied to skinned fibers, CDTA is used in place of EDTA to extract skeletal TnC from skeletal muscle myofibrils. 47 The rationale for this replacement is the higher affinity of CDTA for divalent cations, which should increase the effectiveness of extraction. Myofibrils are bathed 3x5 minutes in a solution of 5 mM CDTA, 40 mM Tris, 15 mM 3-mercaptoethanol, 200 gM phenylmethylsulfonyl fluoride, 1 gtg pepstatin A, and 0.6 mM NaN2 (pH 8.4 and 25°C). This procedure removes nearly all TnC and about half the endogenous LQ and could thus be used to remove either protein from muscle fibers. Although CDTA extraction has considerable promise as an experimental tool, some experimentation as to duration of the protocol may be required to optimize extraction of proteins from skinned fibers because of their larger diameters compared with myofibrils, which could slow the rate of extraction.
Troponin. Extraction of troponin from skinned fibers provides a means of activating the thin filament in the absence of Ca2 , which is particularly useful in experiments investigating possible effects of Ca21 that may be mediated by another Ca21 binding protein such as LQ. Some troponin is extracted during the protocol for extraction of LCQ when done at temperatures near 40C,23 although the amount is small, usually less than 10% of the total. In addition, this method results in extensive extraction of LQ, which is difficult to recombine into fibers. For both these reasons, the LQ extraction procedure is inappropriate for removal of troponin.
We have been able to remove as much as 40% of endogenous troponin from skinned skeletal muscle fibers by placing them in a bath containing LC extracting solution with 0.5 mg bovine masseter LC2 per milliliter and a temperature of 250C.20
Extraction can be facilitated by increasing the temperature, and extent of extraction varies with the duration of soak in this solution, although fibers deteriorate rapidly at high temperature or when the soak is continued beyond 2 hours. Presently, we do not know the specific mechanism of troponin removal, although the masseter LCQ preparation may contain an as yet unidentified protease that cleaves a subunit of troponin and disrupts its binding to other thin-filament proteins. Masseter LQ was originally added to the extraction solution in an attempt to exchange a slow isoform of LQ into a fast-twitch fiber, which worked (R.L. Moss and M.L. Greaser, unpublished results), but by far the most impressive effect was the coincident removal of troponin. Thus, the relative proportions of fast and slow isoforms of LCQ within the fibers may be an uncontrolled variable in this extraction procedure, depending on whether slow LCQ is actually specifically bound to myosin.
Until this is resolved, some caution is required in interpreting results from dynamic mechanical experiments.
Two additional protocols have been developed for removal of whole troponin from skinned skeletal muscle fibers. Nakayama et a156 induced Ca2+-insensitive contraction of skinned fibers by first storing them for 1-3 months at -20°C in 50% glycerol solution containing 50 mM KCI, 5 mM EGTA, 10 mM KH2PO4 (pH 6.8), 20 kallikrein inhibiting units aprotinin, and 1 mM dithiothreitol. These fibers were troponin deficient as judged by reduced content of TnC, TnI, and TnT on SDS gels; however, this method was inconsistent in its effects in that only 30-40% of the fibers developed Ca2+-insensitive tension. Nakayama et a157 subsequently developed a second method of removing troponin from skeletal muscle fibers. They bathed skinned fibers in a solution containing 120 mM KCI, 3 mM MgCl2, 2 mM EGTA, 20 mM Tris maleate (pH 6.8), and 1.3 mg TnT per milliliter at room temperature for 60 minutes. When placed in relaxing solution, these fibers developed Ca2+-insensitive tension, and from SDS gels of the fibers it was evident that treatment removed TnI and TnC. TnT was probably removed as well, although this point could not be established from gels because of nonspecific binding of TnT to the fibers. This procedure may have considerable advantage over the masseter LCQ procedure described earlier, in both the consistency of extraction and ease of use.
C protein. C protein is a relatively large protein (130-165 kd) that is a substantial component of the thick filament in vertebrate striated muscles.58 Although a number of biochemical studies have suggested a role for C protein in modulating actin-activated myosin ATPase activity of proteins in solution (e.g., Margossian50), the only suggestion of a physiological role for C protein in intact muscle is Hartzell's59 finding of increased rates of relaxation of myocardium when C protein is phosphorylated. Subsequent work in which C protein was reversibly extracted from skinned skeletal muscle fibers and small preparations of mechanically disrupted ventricular myocardium strongly suggests that it plays a role in modulating isometric tension and shortening velocity at low levels of Ca2+ activation. 32, 33 Extraction of C protein from skinned muscle employs a protocol that was used previously to prepare purified C protein by extraction from myofibrils,58 as modified by Hartzell and Glass.60 Skinned single muscle cells are bathed for one to several hours in a solution of pH 5.9 containing 31 mM Na2HPO4, 124 mM NaH2PO4, and 10 mM EDTA.32,33 Skinned muscle cells develop rigor in this solution, which necessitates slight shortening of cell length to reduce rigor tension to near zero. One-to two-hour soaks at room temperature (20-23°C) extract up to 70% of endogenous C protein from skinned skeletal muscle fibers and small preparations of disrupted ventricular myocardium, as determined from SDS-PAGE. The protocol also partially extracts LCQ from skeletal muscle fibers but not from disrupted myocardium, and TnC is extracted of regulation of mechanical properties in striated muscles. The remainder of this review will focus on mechanisms of regulation of tension and shortening velocity in mammalian striated muscles, the use of protein extraction and readdition in the study of these mechanisms, and ways in which these mechanisms may differ in skeletal and cardiac muscles. (Figure 2) . In living skeletal muscles, activation is sufficiently cooperative that it occurs in an essentially on/off switchlike manner, while activation of myocardium appears to be less cooperative so that tension is graded on a beat-to-beat basis. Protein extraction experiments on skinned preparations have contributed significantly to improved understanding of the processes underlying cooperative activation of both muscle types.
Regulation of Tension in Skinned Muscle
NEAR Partial extraction of TnC from skinned skeletal muscle fibers provided evidence that near-neighbor cooperativity is also operative in thin filaments under physiological conditions.24-27 Partial extraction of TnC reversibly reduced P., presumably because of Ca2+-insensitive inhibition of underlying actin monomers, and lowered the Ca21 sensitivity of tension development (Figure 2 ). Overall steepness of the relation was reduced, reflecting a substantial decrease in the Hill coefficient for P/Po<0.5 but no change in the coefficient for P/P>>0.5. As suggested by Brandt et al,25 this decrease in steepness may result from a simple blockade of the spread of cooperativity along the thin filament caused by the presence of permanently inactive functional groups. In this regard, the thin filament of cardiac muscle appears to be less cooperative than thin filaments in skeletal muscle, since a decrease in Ca21 sensitivity of tension in skinned cardiac myocytes was observed only when maximum tension-generating capability was reduced to less than 0.5 P0 by partial extraction of cardiac TnC. 30 Based on their observation that the tension-pCa relation in skeletal muscle was significantly altered by extraction of as little as 5% of total TnC, Brandt et a126 proposed that thin filaments are activated as a single 65 Although this model can account for the effects of TnC extraction, its application in this case assumes that TnC was extracted randomly from the thin filaments, which is suggested by their data,26 and that interaction between functional groups is the only cooperativity affecting the state of activation of thin filaments, which, as discussed below, is unlikely.
Additional evidence concerning near-neighbor cooperativity was obtained in experiments involving partial removal of whole troponin complexes from skinned skeletal muscle fibers.20 Removal of troponin results in Ca2-insensitive activation of actin monomers underlying the associated tropomyosin molecule(s). Ca21 sensitivity of tension developed by functional groups with troponin still bound is enhanced in fibers after partial removal of troponin, implying that there are long-range interactions among functional groups within the thin filament. The detailed mechanism of this cooperativity has yet to be worked out, but it seems likely that it would involve movements of tropomyosin that have been inferred from x-ray diffraction patterns obtained during tension development in living muscle. 66 As shown in Figure 3, A question that arises when considering the role of strongly bound cross-bridges in activating the thin filament is whether the number of cross-bridges or total force developed by the cross-bridges determines Ca21 sensitivity of tension. Experiments in which the forcegenerating capabilities of skeletal and cardiac muscles were varied by partial extraction of TnC or by alterations in temperature showed that Ca21 sensitivity was related predominantly to the maximum force-generating capability of the muscle preparation under those conditions.30 On the other hand, increases in Ca21 sensitivity of tension can also be achieved by bathing muscle fibers with solutions containing N-ethylmaleimide S1,82 an analogue of strongly bound cross-bridges83,84 that binds strongly to the thin filament, dissociates very slowly, and develops no force. Thus, the initial question as to relative contributions of force and numbers of cross-bridges to Ca21 sensitivity of tension remains unresolved.
In view of the effects of bound cross-bridges on Ca21 sensitivity of tension, variations in overall cycling rates skeletal TnC recombination. Babu et a190 later showed that partial substitution of skeletal TnC into skinned trabeculae from right ventricles of hamsters caused an increase in steepness of the tension-pCa relation, a result that is consistent with our earlier work.
It is evident from these results that the type of TnC present influences the form of the tension-pCa relation, although it is unclear whether TnC accounts for all of the differences in the relations in skeletal versus cardiac muscles. In this regard, the tension-pCa relations obtained in skeletal muscle fibers after cardiac TnC recombination28 or in cardiac muscle after skeletal TnC recombination55 are composite relations with contributions from both cardiac and skeletal TnC since the initial extractions of endogenous TnC were incomplete. In addition, it is evident from other work in which Ca2+ sensitivity of tension was characterized in skeletal mus--6.0
Log [Ca2+] FIGURE 6. Hill plot of tension-pCa relations from single skinned muscle fibers under control conditions and after extraction of skeletal troponin C and readdition of cardiac troponin C. For relative tension <0.5, the Hill coefficient was 3.73 under control conditions and 2.44 after reconstitution with cardiac troponin C. For relative tension >0.5, the Hill coefficient was 1. 71 under control conditions and 0.86 after reconstitution with cardiac troponin C. P, tension as a fraction of maximum isometric tension. Reprinted with permission. 28 cle as functions of TnT (Figure 8 ). On the other hand, Vm,, in the low-velocity phase of shortening decreases as [Ca2+] is reduced to the lowest levels tested (Figure 8 In this case, velocities under load were measured soon after the change in load so that the extent of shortening was insufficient to reveal the low-velocity phase at this [Ca'+]. On the other hand, Julian et a198 found substantial decreases in Vm,. measured at very low levels of Ca2+ by using the slack test method. Although Vmax was measured with relatively small changes in length, the effect of Ca2+ on velocity was evident in this study because of the very low levels of activation used.
Determinants of the maximum velocity of shortening within the cross-bridge kinetic scheme. Mechanical Vmax in a variety of skeletal muscles appears to be directly related to the Vmax of actin-activated myosin ATPase activities of proteins from the same muscles.'°°Based on a correlation between shortening velocity and rate of ADP release in a variety of muscles, Siemankowski et al'01 have suggested that Vmax is limited by ADP dissociation from the cross-bridge, which effectively controls detachment of the cross-bridge from actin. Consistent with this idea, Huxley's'02 two-state model of contraction predicts that Vmax should be exquisitely sensitive to detachment rate since cross-bridges that remain bound after completing their power strokes will ultimately become a load on the muscle as shortening continues and thereby limit Vmax. In his model, cross-bridges that are slow to detach, i.e., cross-bridges from which ADP dissociation is slow, will be axially compressed as thick and thin filaments continue to slide past one another, giving rise to a force that opposes contraction and slows velocity.
Filament lattice spacing is another important determinant of shortening velocity in living or skinned muscle. Fiber diameter swells by approximately 20% when a fiber is skinned, which is evident in x-ray diffraction patterns as an increase in lateral separation of thick and thin filaments.'03 Addition of a high molecular weight polymer (dextran), which does not penetrate the filament lattice and therefore osmotically shrinks fiber diameter,78 slows Vmu in maximally activated skinned fibers.80,104105 Of interest with regard to an effect of Ca 2 on Vmax, high-velocity Vmax in skinned fibers in the presence of dextran was found to decline over a wider range of activation than in untreated control fibers.'06
The effect of dextran to decrease V in this phase may be related to an increased ability of myosin subfragment (S2) in radially compressed fibers to bear an axially compressive load80 that would slow the rate of shortening. In an attempt to account for the nonlinear forceextension relation obtained from untreated skinned fibers, Goldman and Simmons'07 suggested that as a result of the expanded lateral dimensions of the filament lattice, cross-bridges in rapidly shortened muscles may buckle rather than bear an axial load. In the presence of dextran, axial compression of these crossbridges immediately on shortening would account for the progressive decline in Vm,,, with increased pCa. As shortening proceeds, these cross-bridges must at some point buckle or detach to account for the linear slack test plots of the high-velocity phase. Conversely of high-velocity shortening required to reach the lowvelocity phase, which was interpreted as indicating that LC, confers structural stability to the myosin molecule, i.e., when LQ is removed, the buckling that was proposed above as necessary for entering the low-velocity phase would occur with lesser extents of shortening.
Partial extraction of C protein33 has striking effects on the low-velocity phase of shortening in skinned skeletal muscle fibers but no effects on the high-velocity phase ( Figure 9 ). After extraction of up to 70% of endogenous C protein, Vma. in the low-velocity phase increased substantially, an effect that was reversed by readdition of C protein to extracted fibers. This result suggests that C protein is directly involved in the mechanism that underlies the low-velocity phase. in the low-velocity phase, it is evident that C protein extraction has a profound effect to reversibly increase low-velocity Vma. Based on this result, we propose that C protein tethers myosin to the thick filament ( Figure  10 ) and places a constraint on the range of motion of a cross-bridge.33 At high levels of activation, this tether would not act to limit shortening velocity since crossbridges would detach before the tether point is strained. At low levels of activation, assuming that cross-bridge detachment rates are slowed in regions of partial activation of the thin filament, continued shortening would ultimately strain the cross-bridge in a direction that FIGURE 10 Mechanisms underlying effects of Ca2+ on Vmax in myocardium appear to be more complicated than those discussed earlier for skeletal muscle. Although some mechanisms are likely to be present in both muscles, evidence from a variety of sources (reviewed in Reference 38) suggests that the restoring forces that passively reextend sarcomere length after a period of active shortening are large in myocardium. In his recent review, Ford1"5 points out that a passive internal load could easily account for depression of the force-velocity relation as activation is lowered, although the evidence for such a load or its possible identity is not clear cut. Brenner109 proposed the existence of a fixed internal load to explain curvilinear shortening in myocardium during maximal activation and a decrease in shortening velocity as activation was reduced. On the other hand, ter Keurs et al"16 thought that a fixed internal load was an unlikely explanation for the effect of Ca2+ on V.,, in skinned trabeculae, since measurements were made at sarcomere lengths of 2.0 gm or greater, where passive restoring forces on decreases in length are minimal. More recent work in which velocity and passive stiffness were measured in myocardium during shortening sug (Figure 11 ), although biphasic shortbe explained on the basis of the different ranges of ening was not observed at low levels of activation. Summary Extraction of regulatory proteins from thick and thin filaments of vertebrate striated muscle has proven to be an important approach in elucidating roles of these proteins in regulating contraction and in probing specific mechanisms of activation. For some proteins, such as LC2 and C protein, extraction has been fundamental in demonstrating the importance of these proteins in modulating contraction and the kinetics of cross-bridge interaction. For other proteins, such as TnC and troponin, extraction has provided significant insight into the importance of thin-filament intermolecular cooperativity in modulating Ca2' sensitivity of the contractile process. A combination of extraction and readdition has provided a means of introducing mutated or derivatized proteins into fibers to accomplish a variety of experimental objectives. The use of this approach is likely to grow with the need to test the functional consequences of site-specific mutations as part of studies directed to mechanisms of regulation or altered regulation in heart and skeletal muscles under normal and pathophysiological conditions. Such studies are likely to include extraction in combination with other probes of function such as flash photolysis of reaction substrates or products within the cross-bridge interaction cycle. '30,43' Although extraction is a powerful approach and is likely to be extended to proteins not discussed in this review, an essential element of experimental design in studies such as these is that appropriate control experiments be done to verify that observed effects of the extraction protocol are specifically attributable to the protein that is removed.
